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DESCRIPTION 



SEMICONDUCTOR NANOWIRE AND 



SEMICONDUCTOR DEVICE INCLUDING THE NANOWIRE 



TECHNICAIi FIELD 

[0001] The present invention relates to a semiconductor 
nanowire. More particularly, the present- invention relates 

« ■ 

to a semiconductor nanowire, having a novel structure that 
contributes to realizing a contact with low resistance, and 
to a semiconductor device including such a semiconductor 



nanowire . 



BACKGROUND ART 

[0002] In the field of nanotechnology, wires having a 
nanometer-order diameter (nanowires) and tubes also having a 
nanometer-order diameter (nanotubes) have been researched 
extensively. Among other things, a transistor using a 
semiconductor, nanowire, formed by self -organization, for a 
channel region is attracting a lot of attention. A 
semiconductor nanowire may be grown on a substrate by a VLS 
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(vapor-liquid-solid) mechanism, for example, after metal fine 
particles, acting as a catalyst for crystal growth, have been 
formed on the substrate (see, for example. Patent Document 
No. 1) . Thus, in order to integrate practical transistor 
circuits together on the substrate, the semiconductor 
nanowire needs to be grown at a target position. 
[0003] According to another technique reported, a Si 

« 

nanowire that has been grown on a second substrate is 
dispersed in a solvent and then the solvent is applied onto a 
plastic substrate, thereby forming a thin film transistor of 
the Si nanowire on the plastic substrate (see Non-Patent 

Document No. 1) . 

Patent Document No. 1: Japanese Patent Application PCT 
National Phase Publication No. 2004-507104 
Non-patent Dociiment No. 1: "High-Performance Thin-Film 
Transistors Using Semiconductor. Nanowires and 
Nanoribbons", Nature, Vol. 425, 18, September 2003, 
pp. 274-278 

DISCLOSURE OF INVENTION 



PROBLEMS TO BE SOLVED BY THE INVENTION 

[0004] According to the technique disclosed in Patent 
Document No. 1, a growth substrate that can resist a 
temperature of about 820 ^^C to about 1150 ""C , where crystals 
grow by the VLS mechanism, needs to be used as a circuit 
substrate. Therefore, a plastic substrate cannot be used as 
the growth substrate. Consequently, it is difficult to make 
a thin film transistor of a semiconductor nanowire on" a 
plastic substrate. 

[0005] Meanwhile, according to the technique disclosed in 
Non-Patent Document No. 1, the nanowire growth substrate and 
an application substrate can be made of different materials. 
Therefore, it is possible to make a thin film transistor of a 
nanowire on a plastic substrate. Non-Patent Document No. 1 
also discloses a structure in which a thermal oxide film of 
silicon dioxide coats the nanowire entirely. The nanowire is 
entirely coated with a silicon dioxide film to keep the 
interface between the nanowire and the silicon dioxide film 
clean enough to ensure good interface properties when the 
silicon dioxide film is used as a portion of the gate 



insulating film. 

[0006] If such a nanowire that is entirely coated with a 
silicon dioxide film is used, however, it is difficult to 
establish an electric contact between the nanowire and the 
source/drain electrodes on the application substrate. This 
is because the silicon dioxide film should to be selectively 
removed by photolithographic and etching techniques from the 
contact regions of the nanowire after the nanowire has been 
arranged on the application substrate. 

[0007] Also, the areas of contact between the nanowire and 
the source/drain electrodes are small and a plastic substrate 

0 

could not withstand even a heat treatment that should be done 
to reduce the contact resistance. 

[0008] In order to overcome the problems described above, 
a primary object of the present invention is to provide a 
nanowire with a novel structure contributing to reducing the 
contact resistance . 

[0009] Another object of the present invention is to 
provide nanowires that can be aligned easily. 

[0010] Still another object of the present invention is to 
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provide a semiconductor device including such a nanowire. 

MEANS FOR SOLVING THE PROBLEMS 

[0011] A nanowire according to the present invention 
includes a plurality of contact regions and at least one 
channel region^ which is connected to the contact regions. 
The channel region is made of a first semiconductor material 
and the surface of the channel region is covered with an 
insulating layer that has been formed selectively on the 
channel region. The contact regions are made of a second 
semiconductor material, which is different from the first 
semiconductor material for the channel region, and at least 
the surface of the contact regions includes a conductive 
portion. 

[0012] In one preferred embodiment, the first semiconductor 

material is SixGei-x (where 0 < x ^ 1) and the second 
semiconductor material is SiyGei-y (where 0^y<l and x^y) . 
[0013] In another preferred embodiment, the insulating 
layer is made of an oxide of the first semiconductor material. 
[0014] In this particular preferred embodiment, the 
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insulating layer is formed by thermally oxidizing the surface 
of the channel region. 

[0015] In still another preferred embodiment, the 
insulating layer covers the surface of the channel region but 
does not cover the surface of the contact regions. 

[0016] In yet another preferred embodiment, the channel 
region has a length of 1,000 nm or less as measured along the 
axis of the nanowire. 

[0017] In yet another preferred embodiment, the conductive 
portion of the contact regions is made of the second 
semiconductor material that has been doped with a dopant and 
that has a higher conductivity than the channel region. 
[0018] In yet another preferred embodiment, the conductive 
portion of the contact regions is made of an alloy in which a 
constituent element of the second semiconductor material and 
a metal element are bonded together. 

[0019] In this particular preferred embodiment, the 
contact regions include a core portion, which is made of a 
semiconductor material including an element that is bonded to 
the metal element in the conductive portion. 



[0020] In a specific preferred embodiment, the alloy is 
either a metal compound of silicon or a metal compound of 
germanium. 

[0021] In yet another preferred embodiment, the number of 
the contact regions is N, which is an integer equal to or 
greater than three, and the number of the channel region is 
M, which is N — 1. 

[0022] In this particular preferred embodiment, the 
contact regions and the channel regions are alternately 
arranged at a predetermined pitch along the axis of the 
nanowire • 

[0023] In yet another preferred embodiment, the nanowire 
is arranged between two electrodes, each of which is 
electrically in contact with at least a portion of the 
contact regions of the nanowire. If the length of each said 
channel region is Lchr the distance between the two 
electrodes is Lsd/ the length of the contact regions is Lcont/ 
the length of one of the two electrodes in a channel length 
direction is Ls, and the length of the other electrode in the 
channel length direction is Ld, the following inequalities: 



[0024] Ls>Lch (1) 

LD>Lch (2) 

are satisfied. 

[0025] A method of making a nanowire according to the 
present invention includes the steps of: (A) providing a 
nanowire member that includes a portion made of a first 
semiconductor material and a portion made of a second 
semiconductor material, which is different from the first 
semiconductor material; and (B) selectively forming an 
insulating layer on the surface of the portion of the nanowire 
member that is made of the first semiconductor material and 
making at least the surface of the portion of the nanowire 
that is made of the second semiconductor material function as 
a conductive portion. 

[0026] In one preferred embodiment, the method further 
includes the step (C) of alloying the surface of the portion 
of the nanowire member that is made of the second 
semiconductor material with a metal element by causing a 
chemical reaction between the surface and the metal element. 
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[0027] In another preferred embodiment, the step (A) 
includes the steps of: (al) growing the first semiconductor 
material under a first crystal-growing condition; and (a2) 
growing the second . semiconductor material under a second 
crystal-growing condition, which is different from the first 
crystal-growing condition . 

[0028] In still another preferred embodiment, the step (B) 
includes the steps of: (bl) oxidizing the surface of the 
first and second semiconductor materials of the nanowire 
member, thereby forming an oxide film on the surface; and 
(b2) selectively removing a portion of the oxide film from 
the surface of the second semiconductor material, thereby 
leaving the other portion of the oxide film on the surface of 
the first semiconductor material. 

[0029] In this particular preferred embodiment, the step 
(C) includes the steps of: (cl) forming a metal layer over 
the first and second semiconductor materials of the nanowire 
member; (c2) alloying the metal layer with the surface of the 
second semiconductor material where the metal layer and the 
surface contact with each other; and (c3) selectively 



removing a non-alloyed portion of the metal layer. 
[0030] An electronic element according to the present 
invention includes at least one nanowire and a plurality of 
electrodes, which are electrically connected to the nanowire. 
Each said nanowire includes: a plurality of contact regions, 
including two contact regions that contact with associated 
ones of the electrodes, and at least one channel region, 
which is connected to the contact regions. The channel 
region is made of a first semiconductor material and is 
covered with an insulating layer that has been formed 
selectively on the channel region. And the contact regions 
are made of a second semiconductor material, which is 
different from the first semiconductor material, and at least 
the surface of the contact regions includes a conductive 
portion. 

[0031] In one preferred embodiment, the electronic element 
further includes a gate electrode, which is insulated from 
the channel region and which applies an electric field to the 
channel region. 

[0032] In another preferred embodiment, the channel region 
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has a length of 1,000 nm or less as measured along the axis of 
the nanowire. 

[0033] An electronic device according to the present 
invention includes the electronic elements, a line for 
connecting the electrodes together, and a substrate for 
supporting the electronic elements and the line thereon. 
[0034] In one preferred embodiment, the nanowires included 
in the electronic elements are aligned in a particular 
direction on the substrate. 

[0035] A method for fabricating an electronic device 
according to the present invention includes the steps of: 
preparing a solvent in which the nanowires described above 
are dispersed; applying the solvent onto a substrate; and 
bringing the contact regions of at least one of the nanowires 
in the solvent into contact with electrodes. 

[0036] In one preferred embodiment, the step of applying 
the solvent onto the substrate includes the step of aligning 
the nanowires, dispersed in the solvent, in a particular 
direction . 
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EFFECTS OF THE INVENTION 

[0037] In a nanowire according to the present invention, 
the surface of the channel region is selectively covered with 
an insulating layer. That is why unlike the conventional 
nanowire in which the surface is entirely covered with the 
insulating layer, the following effects are achieved by the 
present invention : 

[0038] 1. There is no need to perform the process step of 
removing the insulating coating from the contact regions by 
photolithographic and etching techniques (i.e,, a contact 
etching process step) after the nanowire has been arranged on 
the substrate. As a result, not just can the manufacturing 
process be simplified but also can the possible decrease in 
production yield due to mask misalignment be minimized. 
Furthermore, if the insulating layer is used as a gate 
insulating film as it is, then the ends of the channel region 
will be automatically aligned with those of the insulating 
layer, thus improving the resultant transistor performance. 
[0039] 2. If one attempted to cover only the channel 
region with the insulating layer by photolithographic and 
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etching techniques, then the length of the channel region as 
measured along the axis of the nanowire could never be 
shorter than the resolution limit of the photolithographic 
process. According to the present invention, however, the 
length of the channel region along the nanowire axis can be 
shorter than the resolution limit of the photolithographic 
process • 

[0040] 3. . In a nanowire according to the present 
invention, each contact region includes a conductive portion 
even before the nanowire is arranged on the substrate. 
Therefore, a low contact resistance is easily realized 
between the nanowire and the electrodes of a field effect 
transistor, for example. Particularly if the nanowire itself 
already includes a conductive portion of a silicide, for 
example, the device substrate, which is prepared separately 
from the growth substrate, does not have to be subjected to a 
high-temperature process such as a silicidation process to 
reduce the contact resistance while an electronic element 
such as a transistor is being fabricated on the device 
substrate with the nanowire of the present invention arranged 
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thereon. Therefore, a high-performance nanowire device can 
be fabricated on a substrate having a relatively low melting 
point or softening point (such as a plastic substrate) . 

BRIEF DESCRIPTION OF DRAWINGS 

[0041] FIG. 1 is a perspective view of a nanowire 100 
according to a first preferred embodiment of the present 
invention. 

FIG. 2(a) is a cross-sectional view of the nanowire 100 
as viewed in the longitudinal direction thereof and FIG. 2(b) 
is a cross-sectional view of a field effect transistor 
including the nanowire 100. 

FIG. 3(a) is a perspective view of a support 101, on 
which catalyst fine particles 130 have been formed, in a 
process step of a nanowire manufacturing process according to 
the first preferred embodiment, and FIGS. 3(b) and 3(c) 
illustrate process steps for forming the catalyst fine 
particles 130. 

FIGS. 4(a) through 4(c) are cross-sectional views 
illustrating respective process steps for making the nanowire 
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of the first preferred embodiment. 

■ 

FIGS. 5(a) through 5(g) are cross-sectional views 
illustrating respective process steps for making the nanowire 
of the first preferred embodiment in further detail. 

FIG. 6 is- a plan view illustrating an exemplary field 
effect transistor according to the first preferred 
embodiment . 

FIG. 7 is a plan view illustrating another exemplary 
field effect transistor according to the first preferred 
embodiment . 

FIG. 8 is a plan view illustrating an alternative device 
substrate for use in the first preferred embodiment. 

FIG. 9(a) illustrates a nanowire according to a second 
preferred embodiment of the present invention and FIG. 9(b) 
is a plan view illustrating a field effect transistor 
according to the second preferred embodiment. 

FIG. 10 is a plan view illustrating a layout for the 
field effect transistor of the second preferred embodiment 
along with the sizes of the respective elements thereof. 

FIG. 11 is a plan view illustrating a field effect 
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transistor according to a third preferred embodiment of the 

present invention • 

FIGS. 12(a) through 12(c) are cross-sectional views 

* 

illustrating respective process steps for making a nanowire 
according to a fourth preferred embodiment of the present 
invention, 

FIGS. 13(a) and 13(b) are cross-sectional views 
illustrating another configuration for an electronic device 
according to the present invention. 

DESCRIPTION OF REFERENCE NUMERALS 

[0042] 



10a contact region 

10b contact region 

12 channel region 

14 oxide film 

16a source electrode 

16b drain electrode 

20 device substrate 

30 gate electrode 
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100 nanowire 
100a Ge portion 

100b Si portion 

100c Ge portion 

BEST MODE FOR CARRYING OUT THE INVENTION 

[0043] According to the present invention, an electronic 
element such as a field effect transistor is fabricated using 
a nanowire characterized by its contact regions. 

EMBODIMENT 1 

[0044] Hereinafter, a first preferred embodiment of a 
nanowire according to the present invention will be described 
with reference to FIGS. 1 and 2. FIG. 1 is a perspective 
view illustrating a nanowire 100 according to this 
embodiment. FIG. 2(a) is a cross-sectional view of the 
nanowire 100 as viewed in the longitudinal direction thereof. 
And FIG. 2(b) is a cross-sectional view -of a field effect 
transistor including the nanowire 100. 

[0045] The nanowire 100 shown in FIGS. 1 ajid 2 includes a 
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pair of contact regions 10a and 10b and a channel region 12 
connected to these contact regions 10a and 10b. In this 
embodiment, the channel region 12 is made of silicon (Si) 
while the contact regions 10a and 10b each have a conductive 
portion made of a non-silicon material at least on their 
surface. More specifically, the contact regions 10a and 10b 
each include a core portion of Ge that is heavily doped with 
a p-type dopant and an alloy portion that covers the outer 
surface of the core portion. In this example, a channel 
region of a p-type semiconductor is described. However, the 
same statement is applicable to an n-type channel region, too. 
The alloy portion on the surface of these contact regions 10a 
and 10b is made of a metal compound formed by making Ni react 
with the Ge surface. Meanwhile, the surface of the channel 
region 12 is covered with an oxide film 14.. 

[0046] In the example illustrated in FIG. 1, the 
conductive portion of the contact regions 10a and 10b is made 
of a silicide. However, this conductive portion does not have 
to be a silicide as long as the electrical resistance (or 
resistivity) thereof is sufficiently lower than, that of the 
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channel region. If at least the surface portion of the 
contact regions 10a and 10b of Ge has been heavily doped with 
a dopant, the electrical resistance thereof is reduced 
significantly. As a result, the surface of the contact 
regions 10a and 10b functions as a conductive region". 

[0047] Since the nanowire 100 of this embodiment includes 
the contact regions 10a and 10b with good ' conductivity at 
both ends thereof, the electrical contact resistance between 

4' 

the nanowire 100 and the electrodes can be reduced than the 
conventional one. 

[0048] In the nanowire 100 of this preferred embodiment, 
the contact regions 10a and 10b will function as the 
source/drain regions of a transistor and the length of the 
channel region 12 along the nanowire axis will define the 
channel length of the transistor. 

[0049] The field effect transistor shown in FIG. 2(b) 
includes the nanowire 100, source and drain electrodes 16a 
and 16b that respectively contact with the contact regions 
10a and 10b of the nanowire 100, and a device substrate 20 
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for supporting these components thereon. The upper surface 
of the device substrate 20 is covered with a gate insulating 
film 18. And the device substrate 20 functions as a gate 
electrode for controlling the conductivity of the. channel 
region 12 of the nanowire 100. In the example illustrated in 

« 

FIG. 2(b), the device substrate 20 to support the nanowire 
100 thereon has electrical conductivity and functions as a 
gate electrode. However, the gate electrode does not have to 
have such a configuration. As in a known TFT (thin film 
transistor) , the gate electrode may be a conductive film 
pattern that has been formed on an insulating substrate of 
glass, plastic or any other suitable material. 

[0050] Hereinafter, a method of making a nanowire 
according to this preferred embodiment will be described with 
reference to FIGS. 3 and 4. 

[0051] First, as shown in FIG. 3(a), catalyst fine 
particles 130 are formed on a support 101, which is used as a 
growth substrate. The catalyst fine particles 130 function 
as a catalyst for decomposing a source gas when a single 
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crystal semiconductor is grown (epitaxially) . The support 
101 may be made of any of various materials unless it is 
deformed at the heat-treatment temperatures in the rest of 

the manufacturing process. Specifically, the support 101 may 

♦ 

be a glass substrate,, a Si substrate, or a substrate 
including a silicon dioxide layer thereon, for example. The 
surface of the support 101 does not have to be crystalline. 
Also, the surface of the support 101 may be covered with a 
film of a different material from that of the body of the 
support 101. 

[0052] The single crystal semiconductor to be grown to 
form a nanowire according to the present invention does not 
have to be Si or Ge that is adopted for this preferred 
embodiment, but may also be a compound semiconductor. More 
specifically, either single crystals of a Group III-V 
compound semiconductor such as GaAs, GaP, GaAsP, InP, InAs, 
or InAsP or single crystals of a Group II-VI compound 

< 

semiconductor such as ZnS, ZnSe, CdS or CdSe may be grown 
instead. 
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[0053] As the catalyst metal element, Au, Fe, Ni, Ti or Pd 
may be used. These metals can promote the decomposition of 
the source gas effectively, form a eutectic state with, a 
constituent element of the semiconductor, and promote the 
growth of the semiconductor. The size of the catalyst fine 
particles 130 is almost equal to the diameter of the 
semiconductor to be grown. Therefore, the diameter of the 
catalyst fine particles 130 may be determined to make a 
semiconductor member with a desired diameter. If the 
diameter of the catalyst fine particlies 130 were too large, 
however, it would be difficult to grow a single crystal 
semiconductor. The diameter of the catalyst fine particles 
130 is preferably in the range of 1 nm to 100 nm, and is more 
preferably in the range of 5 nm to 50 nm. 

[0054] The catalyst fine particles 130 may be formed by a 
known method of making fine particles. For example, as shown 
in FIG. 3(b), a thin film 130* of a catalyst metal element is 
deposited on the surface of the support 101 by a sputtering 
or evaporation process using a known thin film deposition 
system. Then, the thin film 130' is heat-treated, thereby 
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coagulating the thin film 130' by itself. As a result, as 
shown in FIG. 3(c), a plurality of catalyst fine particles 
130 are formed on the support 101. The diameter dl of the 
catalyst fine particles 130 and the distance LI between two 
adjacent ones of the catalyst fine particles 130 vary with 
the thickness and the heat-treatment conditions of the thin 
film 130'. In other words, dl and LI may be changed by 
adjusting these parameters. As described above, the diameter 
dl of the catalyst fine particles 130 is preferably equal to 
or smaller than 100 nm. 

[0055] Alternatively, the catalyst fine particles 130 may 
also be formed by applying or spraying a solution, including 
a catalyst metal element, onto the surface of the support 101. 
Also, if necessary, the catalyst fine particles 130 may also 
be formed only in a selected area on the support 101 by 
patterning the thin film 130* deposited. 

[0056] Next, the support 101, on which the catalyst fine 
particles 130 have been formed, is loaded into the chamber of 
a CVD system, for example. Then, as shown in FIG. 4(a), a 
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source gas 108, including a constituent element of the 
semiconductor, is supplied into the chamber, and the 
atmosphere inside the chamber is maintained at a 
predetermined pressure. As a result, the surface of the 
support 101, having the catalyst fine particles 130 thereon, 
is exposed to the source gas atmosphere at the predetermined 
pressure. The support 101 is heated to a temperature that is 
lower than the temperature at which the source gas 108 
decomposes • 

[0057] As the source gas 108, a hydride of a constituent 
element of the semiconductor is preferably used. For example, 
in order to grow a Group IV semiconductor including Si or Ge, 
SiH4, Si2H6/ GeH4 or any other suitable gas may be used. 

[0058] In this preferred embodiment, the source gases 108 
are changed from GeH4 into SiH4 and then from SiH4 into GeH4 
again during the crystal-growing process as will be described 
more fully later. Also, a dopant gas is added to the source 
gas when necessary. In growing a compound semiconductor, an 
organic metal compound can be used effectively as the source 
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gas . 

[0059] As shown in FIG. 4(b), the source gas 108 supplied 
selectively decomposes only in the vicinity of the catalyst 
fine particles 130. As a result of the decomposition, the 
constituent element of the semiconductor is deposited, and 
the deposited element coagulates together, thus growing the 
single crystal semiconductor. In this manner, nanostructures 
111 of the single crystal semiconductor are going to be 
formed little by little. It is not yet quite clear exactly 
how the single crystal semiconductor grows. However, it is 
at least highly probable that the as-deposited element should 
be, first of all, alloyed with the catalyst fine particles 
130. This alloy is in a liquid state in many cases. The 
single crystal semiconductor should grow , as follows. 
Specifically, as the element is deposited more and more, the 
concentration of the semiconductor constituent element 

« 

increases gradually in the alloy. And once the concentration 
has reached a saturation value, the semiconductor constituent 
element would coagulate together, thus making the single 
crystal semiconductor . 
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[0060] Therefore, the crystals would grow at the boundary 
between the catalyst fine particles 130 and the 
nanostructures 111 consisting of the single crystal 
semiconductor grown. As the single crystal semiconductor 
grows taller, the catalyst fine particles 130 go farther and 
farther away from the support 101. The catalyst fine 
particles 130 are held at the end of the nanostructures 111 
that is not in contact with the support 101. In this manner, 
the single crystal semiconductor grows and the nanostructures 
111 are formed as shown in FIG. 4(c). 

[0061] The nanostructures 111 made of the single crystal 
semiconductor that has grown in this manner preferably have a 
maximum diameter of 1 nm to 100 nm, more preferably 5 nm to 
50 nm, on a cross section that is taken perpendicularly to 
the growth direction- Each nanostructure 111 is supported on 
the support 101, and the catalyst fine particle 130 is in 
contact with the top of the nanostructure 111. As described 
above, the catalyst fine particles 130 melt and assume . a 
spherical shape while the semiconductor is growing. 
Therefore, the nanostructure 111 grown has a cylindrical 

26 



shape. Alternatively, the cross section of the nanostructure 
111 may also have a non-circular shape. 

[0062] The length of the nanostructure 111 in the crystal 
growing direction is adjustable according to the process time 
of crystal growing process. If the crystal-growing process 
is performed for a sufficiently long time, even a 
nanostructure 111 having a length of several micrometers may 
be formed. If the diameter of the nanostructure 111 is equal 
to or smaller than 100 nm and if the crystal-growing 
direction agrees with the longitudinal direction of the 
nanostructure 111, the nanostructure 111 assumes a shape. that 
is generally called a "nanowire". 

[0063] In this example, the nanostructures 111 are 
supposed to grow substantially vertically upward from the 
support 101. Alternatively, the single crystal semiconductor 
may also grow either laterally (horizontally) or obliquely 
with respect to the surface of the support 101. Optionally, 
the growth conditions of the single crystal semiconductor may 
be optimized such that the single crystal semiconductor will 
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grow earlier and faster in a particular direction. Or the 
single crystal semiconductor may even be grown in random 
directions, too. 

[0064] Hereinafter, the method of making a nanowire 
according to this preferred embodiment will be described in 
further detail with reference to FIG. 5. 

[0065] First, as shown in FIG. 5(a), a catalyst metal 
particle 130 is formed on the substrate. Then, as shown in 
FIG. 5(b), Ge is grown. In this process step, GeH4, to which 
B2H6 (p-type) or PH3 (n-type) has been added as a dopant gas, 
is used as the source gas, and the substrate temperature is 
maintained at about 300 to 400 ^^C , thereby growing a Ge 

portion 100a of the nanowire. The length of the Ge portion 
100a may be selected from the range of 100 nm to 1,000 nm, 
for example. The Ge portion 100a will eventually play the 
role of the contact region 10a in the nanowire as a final 
product . 

[0066] Next, the source gases are changed into SiH4, 
thereby growing a Si portion 100b over the Ge portion 100a as 
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shown in FIG, 5(c). This Si portion 100b will function as 
the channel region 12, and no dopant gas needs to be added to 
the source gas. If the nanowire is used for a p-channel 
transistor, however, the Si portion 100b is preferably 
lightly doped with an n-type dopant. On the other hand, if 
the nanowire is used for an n-channel transistor, the Si 
portion 100b is preferably lightly doped with a p-type dopant. 
Such channel doping is also realized by adding a very small 
amount of dopant gas to SiH4. 

[0067] The length of the Si portion 100b in the nanowire 
defines the channel length. By adjusting the growth rate and 
the growing process time of the Si portion 100b according to 
the design of the transistor to make, the Si portion 100b can 
have any desired length. In this preferred embodiment, the 
length of the Si portion 100b can be in the range of 100 nm 
to 5,000 nm, for example. 

[0068] After the Si portion 100b has grown, the source 
gases are changed again into GeH4, to which B2H6 (p-type) or 
PH3 (n-type) has been added as a dopant gas. In this manner. 



29 



a Ge portion 100c of the nanowire is grown over the Si 
portion 100b as shown in FIG. 5(d). The length of the Ge 
portion 100c may be in the range of 100 nm to 1,000 nm, for 
example . 

[0069] Next, as shown in FIG. 5(e), the surface of the 
nanowire is thermally oxidized, thereby forming insulating 
layers 140a through 140c on the surface of the nanowire. The 
oxidation process may be carried out by using an N2O gas at a 

temperature of 750 to 900 **C and for a process time of 

approximately 30 minutes to approximately two hours. The 
insulating layers 140a, 140b and 140c may have any arbitrary 
thicknesses within the range of 2 nm to 50 nm. In the 
nanowire, the Ge oxide films 140a and 140c are formed on the 
surface of the Ge portions 100a and 100c, respectively, and 
the Si dioxide film 140b is formed on the surface of the Si 
portion 100b. 

[0070] Next, the oxide films are etched away such that the 
Ge oxide films 140a and 140c are etched earlier and faster 
than the Si dioxide film 140b. Specifically, the nanowire 
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with the thermally oxidized surface is immersed in an etchant 
such as hydrochloric acid (HCl) at a temperature of about 
25 for approximately 1 to 10 minutes, thereby getting the 
selective etching done. As a result, a structure in which 
the surfaces of the Ge portions 100a and 100c are exposed and 
the (outer) surface of- the Si portion 100b is covered with 
the insulating film (i.e., the Si dioxide film 140b) is 
formed as shown in FIG. 5(f). 

[0071] Then, a metal (not shown) is deposited on the 
surface of the nanowire. In this case, if a CVD process is 
adopted, a metal layer can be easily formed so as to cover 
the entire surface of the nanowire- On the other hand, if a 
sputtering process is adopted, a metal layer tends to be 
partially formed on one side of the nanowire surface that is 
opposed to the metal target. Therefore, to cover the outer 
surface of the nanowire with the metal film being deposited 
by the sputtering process, the growth substrate is preferably 
rotated. • 

[0072] Portions of the metal layer that covers the outer 
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surface of the nanowire are directly in contact with the Ge 
portions 100a and 100c, but the other portion thereof 
contacts with the Si dioxide film 140b on the outer surface 
of the Si portion 100b. Due to the presence of this 
interposed Si dioxide film 140b, the metal layer is not 
directly in contact with the Si portion 100b. 

[0073] Next, the nanowire is subjected to a heat treatment 
process (i.e., an alloying process) such that the constituent 
metal element of the metal layer reacts with Ge to make a 
compound (i.e., an alloy) of the metal and Ge. As a result 
of this heat treatment process, the surface of the Ge 
portions 100a and 100c is alloyed but the surface of the Si 
portion 100b, covered with the Si dioxide film 140b, is not. 
Consequently, alloy layers 150a and 150c are formed at both 
ends of the nanowire. 

[0074] Thereafter,- the unreacted portion of the metal 
layer on the surface of the nanowire (i.e., the portion 
covering the Si dioxide film 140b) is selectively etched away, 
thereby completing a nanowire having the structure shown in 
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FIG. 5(g). This nanowire is primarily characterized by 
including the alloy layers 150a and 150b in the contact 
regions at both ends thereof. The outer surface of the 
channel region is covered with an insulating film (i.e., the 
Si dioxide film 140b) . 

[0075] It should be noted that the alloy layers 150a and 
150b arranged at both ends of the nanowire are not essential 
components for the present invention as. described above. A 
good contact can be made if the doping level is sufficiently 
high at the surface of the Ge portions 100a and 100b. In 
that case, the alloy layers 150a and 150b may be omitted. 

[0076] Then, a lot of nanowires formed in this manner are 
dispersed in an ethanol solution, for example, and then this 
solution is applied onto the surface of the device substrate. 
On the surface of the device substrate for use in this 
preferred embodiment, provided in advance are gate lines and 
a gate insulating film that covers the gate lines. When 
applied onto the surface of the device substrate, the 
solution may be made to flow in a particular direction on the 



device substrate. Then, those nanowires that have been 
dispersed in the solution can be aligned with the flowing 
direction. By aligning the nanowires by utilizing the 
solution flow in this manner, a structure on which a lot of 
nanowires are aligned in a predetermined direction can be 
formed on the device substrate. Fpr further details of this 

■ » 

method, see Non- Patent Document No. 1, for example. 

[007 7] Such a nanowire arrangement includes a great number 
of nanowires that are distributed on the device substrate at 
an average gap of about 500 nm to about 1,000 nm, for example. 
The average gap between the nanowires on the device substrate 
is controllable by adjusting the density of the nanowires in 
the solution. That is to say, if the density of the 
nanowires in the solution is decreased, the nanowires will be 
■present on the device substrate more sparsely. Conversely, 
if the density of the nanowires in the solution is increased, 
then the average gap between the nanowires on the device 
substrate will be narrower. And if necessary, the nanowires 
may be arranged so densely that adjacent ones of the 
nanowires contact with each other. 
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[0078] According to such a method, the positions of the 
respective nanowires on the device substrate cannot be 
controlled accurately but a great number of nanowires can be 
aligned in substantially the same direction and arranged at 
substantially a uniform density. 

[007 9] Thereafter, the process step of forming source and 
drain electrodes is performed on the device substrate on 
which a great number of nanowires have been arranged by the 
method described above. These electrodes may be formed by a 
known process that is adopted for the purpose of fabricating 
semiconductor integrated circuits. 

[0080] By performing these process steps, the transistor 
element shown in FIG. 6 is completed. In the example 
illustrated in FIG. 6, only one nanowire 100 is arranged 
between the source electrode 16a and the drain electrode 16b 
on the device substrate 20. Alternatively, as shown in FIG. 
7, a plurality of nanowires may be arranged between the 
source electrode 16a and the drain electrode 16b. In the 
example shown in FIG. 7, illustrated are not only those two 
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nanowires A that are electrically connected to both of the 
source and the drain electrodes 16a and 16b but also a 
nanowire B that is connected to only one of the two 
electrodes 16a and 16b and a nanowire C that is connected to 
neither of the two electrodes 16a and 16b. Among these 
nanowires A, B and only the nanowires A can operate as a 
channel for the transistor. 

[0081] As described above, a great number of nanowires are 
arranged in substantially the same direction on the device 
substrate 20. When the source electrode 16a and the drain 
electrode 16b are formed on the device substrate 20 with such 
a surface state, a conductive film deposition process step, a 

* 

photolithographic process step and an etching process step are 
carried out in this order on the device substrate. By 
appropriately setting the sizes of, and the gap between, the 
source electrode 16a and the drain electrode 16b, at least 
one nanowire can be arranged so as to be connected to the 
source electrode 16a and the drain electrode 16b securely. 
FIG. 8 shows the surface of a device substrate on which 
nanowires are arranged at a higher density than in FIG. 7. 
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By further increasing the density of the nanowires, even a 
film consisting of nanowires can be formed. Such a film will 
have a semiconductor property that exhibits anisotropic 
conductivity in the direction in which the nanowires are 
arranged. 

[0082] The number of nanowires functioning as a channel 
region for a single transistor changes with the number and 
the density of the nanowires that are arranged on the surface 
of the device substrate. As the number and the density of 
the nanowires are increased, the number of nanowires that are 
present between each pair of source/drain electrodes 16a and 
16b increases and the variation in the number of nanowires 
tends to decrease among the respective transistors. Such a 
dense arrangement of nanowires may function as a sort of a 
semiconductor film with anisotropy. It is preferable to etch 
away excessive nanowires from the device substrate after the 
source and drain electrodes have been formed. 

[0083] In the preferred embodiment described above, the 
surface of the contact regions 10a and 10b of each nanowire 

37 



is alloyed to realize a low contact resistance, but this 
alloying process step may be omitted. In that case, the 
surface of the contact regions 10a and 10b of the nanowire 
will be in the state shown in FIG. 5(f), in which the Ge 
portion that has been heavily doped with a p- or n-type 
dopant is exposed. Even when such a nanowire is used, an 
ohmic contact can also be made with the source and drain 
electrodes 16a and 16b because the contact regions 10a and 
10b can have as high conductivity as that of a metal. 

• * 

[0084] Also, in the preferred embodiment described above, 
the channel region is defined by the Si portion of the 
nanowire and the contact regions by the Ge portions thereof. 
However, the present invention is in no way limited to such a 
specific preferred embodiment. Alternatively, the channel 
region may be made of a non-Si semiconductor such as Ge and 
the contact regions may be made of Si. In that case, the 
surface of the contact regions reacts with the metal layer to 
become a silicide. Examples of metals that can be used 
effectively for this silicidation purpose include Ti, Co and 
Ni. 
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[0085] To form the insulating layer that selectively 
covers the channel region, the channel region and the contact 
regions are preferably made of two different materials to 
form thermal oxide films with mutually different etch 
properties as is done in the preferred embodiment described 
above. However, the combination of semiconductor materials 
to be used for this purpose is not limited to Si and Ge. For 
example, even if the channel region is made of SixGei-x (where 
0<x<l) and the contact regions are made of SiyGei-y (where 0 
< y < 1 and x 9^ y) , the resultant thermal oxide films could 
still have mutually different etch properties due to the 
difference in the mole fraction (x, y) • If this statement is 
modified so as to include the situation where the channel 
region is made of Si and the contact regions are made of Ge, 
the channel region (of a first semiconductor material) is 
preferably made of Si^Gei-x (where 0<x^l) and the contact 
regions (of a second semiconductor material) are preferably 

made of SiyGei-y (where 0^y<l and x'^y) . 

[0086] The channel region and the contact regions may be 
made of a semiconductor material having the same composition. 
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By setting the dopant concentration higher in the contact 
regions than in the channel region, the thermal oxide films 
on the surface of the nanowire could have mutually different 
etch properties. If the thermal oxide film on the surface of 
the contact regions can be etched selectively, only the 
contact regions can have their surface exposed without being 
subjected to any photolithographic process. 

[0087] As described above, in this preferred embodiment, 
the surface of the contact regions can be exposed by a sort 
of self-aligning technique by setting the etch rate of the 
portions of the thermal oxide film that cover the surface of 
the contact regions on the nanowire higher than that of the 
other portion of the thermal oxide film that covers the 
surface of the channel region. Alternatively, instead of 
adopting such a self-aligning technique, an insulating film 
that covers only the channel region may be formed by 
performing additional photolithographic and etching processes. 
However, it is difficult to define a resist mask, which 
covers only the channel regions of the respective nanowires 
on the substrate, by a photolithographic process. That is 
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why the contact regions and the channel region of each 
nanowire are preferably made of mutually different 
semiconductor materials as is done in this preferred 
embodiment . 

[0088] If the contact regions and the channel region of 
each nanowire are made of different materials, a metal layer 
may be selectively grown on only the surface of the contact 
regions to form conductive portions there, and then the 
surface of the channel region may be treated to have an 
insulating property- 

EMBODIMENT 2 

[0089] Hereinafter, a second preferred embodiment of the 
present invention will be described with reference to FIGS. 
9 (a) and 9 (b) . 

[0090] FIG. 9(a) shows a nanowire according to this 
preferred embodiment, and FIG. 9(b) is a plan view 
illustrating a field effect transistor that has been formed 
using such nanowires. 
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[0091] This . preferred embodiment is characterized in that 
a single nanowire includes three or more contact regions lOi 
through IOn (where N is an integer . equal to or greater than 
three) and two or more channel regions 12i through 12m (where 
M is an integer equal to or greater than two) as shown. in FIG. 
9(a) . 

[0092] Such a nanowire can be made by repeatedly 
performing the crystal-growing process that has already been 
described with reference to FIGS. 5(a) through 5(d) so as to 
alternately grow the Ge and Si portions, for example. As in 
the first preferred embodiment described above, only the Si 
portion is covered with an insulating film and the surface of 
the Ge portion is selectively alloyed. 

[0093] As can be seen from FIG. 9(b), the "channel length" 
of each nanowire connected to the source and drain electrodes 
16a and 16b is proportional to the number (P) of channel 
regions interposed between the contact region in contact with 
the source electrode 16a and the contact region in contact 
with the drain electrode 16b. That is to say, the channel 
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length = the length of a single channel region X p. A 
dimension corresponding to the channel width is proportional 
.to the number of nanowires that connect the source and drain 
electrodes 16a and 16b together. . 

[0094] Next, a situation where the source/drain electrodes 
16a and 16b have shifted along the axis of nanowire will be 
discussed with reference to FIG. 10. In this example, 
suppose the length of each channel region is identified by 
Lch^ the distance between the source and drain electrodes by 

« 

LsDf the length of each contact region by Lcont/ the length of 
the source electrode 16a in the channel length direction by 
Ls, and the length of the drain electrode 16a in the channel 
length direction by Ld. 

[0095] Even if the source and drain electrodes 16a and 16b 
have shifted significantly along the axis of the nanowire, 
field effect transistors can also be . fabricated with a good 
yield without performing any special alignment process as 
long as appropriate contact can always be maintained. 

[0096] . To realize such an "'alignment-free" manufacturing 
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process, the following requirements should be considered- 

[0097] First of all, the source electrode 16a and the 
drain electrode 16b need to always keep contact with 
respectively different contact regions. For that purpose, 
the following inequalities need to be satisfied: 

[0098] 

Ls>Lch (1) 
Ld ^ Lch ( 2 ) 

LsD^LcONT (3) 

[0099] As long as Inequality (1) is satisfied, even if the 
source electrode 16a has shifted laterally, at least a 
portion of the contact regions can always keep contact with 
the source electrode 16a, Likewise, as long as Inequality 
(2) is satisfied, even if the drain electrode 16b has shifted 
laterally, at least a portion of the contact regions can 
always keep contact with the drain electrode 16b. To reduce 
the contact resistance, these areas of contact are preferably 
expanded. To do so, Ls and Ld may have sufficiently increased 
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values (e.g., values exceeding Lch+LcoNx) • 

[0100] If Inequality (3) is satisfied, it is possible to 
prevent the source and drain electrodes 16a and 16b from 
contacting and being short-circuited with the same contact 
region. Lsd should be shorter than the overall length of the 
nanowire . 

[0101] As can be seen from the foregoing description, if 
Lch and LcoNT are sufficiently shorter than the sizes of, and 
the distance between, the source and drain electrodes 16a and 
16b on the device substrate and if the nanowire is 
sufficiently long, then there is no need to perform any 
alignment processes along the axis of the nanowire. 

[0102] In order to apply the ""alignment-f ree" technique 
when the nanowires are aligned with each other 
perpendicularly to the channel length direction, the number 
and density of the nanowires on the device substrate are 
preferably increased to the point that the source and drain 
electrodes 16a and 16b cross a lot of (e.g., 50 or more) 
nanowires . 
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[0103] In the nanowire of this preferred embodiment, the 
contact regions and the channel regions are preferably 
arranged alternately at a predetermined pitch along the axis 

of the nanowire. The pitch (Lch + LcoNx) may be set within the 
range of 300 nm to 3,000 nm, for example. Also, the length 
of each channel region along the nanowire axis may be in the 
range of 100 nm to 1,000 nm, for example. 

EMBODIMENT 3 

[0104] Hereinafter, a third preferred embodiment of the 
present invention will be described with reference to FIG. 

[0105] FIG. 11 is a plan view illustrating a field effect 
transistor that has been formed using a nanowire 200 
according to this preferred embodiment. The field effect 
transistor shown in FIG. 11 is different from the counterpart 
shown in FIG. 6 in that the length of the channel region of 
the nanowire 200 is shorter than the distance between the 
source and drain electrodes 16a and 16b. 
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[0106] In this preferred embodiment, the channel length is 
shortened to less than the resolution limit of the 
photolithography technology. As described above, the channel 
length of the transistor is defined by the length of the 
channel region of the nanowire, and the latter length is 
arbitrarily controllable by the nanowire growth process. 
Consequently, the length of the channel region can be reduced 
to a very small value (e.g., in the range of 50 nm to 
1,000 nm and preferably 500 nm or less) irrespective of the 
resolution limit of the photolithography technology. 

EMBODIMENT 4 

[0107] Hereinafter, a fourth preferred embodiment of the 
present invention will be described with reference to FIGS. 
12 (a) through 12 (c) . 

[0108] In this preferred embodiment, a growth substrate, 
including a Ti film 220 thereon, is provided as shown in FIG. 
12(a). Next, a Ti fine particle 230 is formed on the Ti film 
220 on the grow.th substrate. 
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[0109] Subsequently, a silicon portion 240 to form the 
nanowire is grown by substantially the same method as that 
described above, thereby obtaining the structure shown in FIG. 
12 (b) . 

[QUO] Thereafter, a heat treatment process is conducted 

at a temperature of 600 "^C to 800 ^'C , for example, thereby 
siliciding portions in which Ti contacts with the silicon 
portion 240. In this manner, silicide portions 250 are 
formed as shown in FIG. 12(c). 

[0111] According to the method of this preferred 
embodiment, there is no need to separately deposit - a metal 
film on the surface of the nanowire for the purpose of 
silicidation . 

[0112] It should be noted that electronic elements that 
can be fabricated using the nanowires of the present 
invention are not limited to transistors having the 
configuration shown in FIG. 1(b). FIGS. 13(a) and 13(b) 
illustrate a configuration for another electronic element . 
according to the present invention. In the example 
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illustrated in FIGS. 13(a) and 13(b), the oxide film 14 that 
has been formed on the channel region of the nanowire is used 
as a gate insulating film and a gate electrode 300 is formed 
so as to extend over the nanowire 100. That is to say, this is 
a so-called '^top-gate transistor". In this example, after the 
gate electrode 30 has been formed, dopant ions are implanted 
into the nanowire 100, thereby defining source/drain regions. 
[0113] In FIGS. 6^ 11 and so on, the source/drain 
electrodes 16a and 16b are illustrated as being arranged 
closer to the device substrate 20 than to the nanowire 100. 
Actually, however, the nanowire 100 may be arranged between 
the source/drain electrodes 16a, 16b and the device substrate 
20. To realize low contact resistance, the arrangement is 
preferably determined so as to increase the areas of contact 
between the source/drain electrodes 16a, 16b and the contact 
regions 10a, 10b of the nanowire 100. 

INDUSTRIAIi APPLICABILITY 

[0114] A nanowire according to the present invention malces 
it possible to form a field effect transistor on a substrate, 
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which is made of a plastic or any other material that cannot 
resist a high-temperature process, and contributes to 
realizing low-resistance contact between the source/drain 
electrodes and the nanowire itself- • Such a field effect 
transistor can be used particularly effectively as a 
switching element or a driver for a thin flat panel display. 

[0115] In addition, a nanowire according to the present 
invention can also be used effectively to make a very small 
short-channel transistor, which would be hard to form by the 
conventional photolithographic process. 



* 
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